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cigarette smoke exposure and hyperthermia dramatically prolong the time required for neonates to return to eupnic breathing following hypoxia. These observations provide important evidence of how prenatal cigarette smoke exposure, hypoxic episodes and hyperthermia might place infants at higher risk for Sudden Infant Death Syndrome.
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INTRODUCTION:
Pre-and post-natal CS exposure is currently the principal independent risk factor for the occurrence of sudden infant death syndrome (SIDS), which remains the leading cause of infant mortality after the first month of life (1, 2) . Based on the strength and consistency of the association, CS exposure has been proposed as a causal factor in SIDS (1) . However, experimental studies on the effects of prenatal CS exposure on neonatal respiratory control in both humans and animal models to date have provided divergent results (3) (4) (5) (6) (7) (8) (9) (10) .
SIDS is known to occur more frequently during the winter months. Therefore, thermal stress from low or high ambient temperature and/or an increased infant body temperature due to over wrapping have been proposed as additional major risk factor for SIDS. Nonetheless the evidence, though well analyzed and precisely documented is, largely inferential, based on interviews by the caregivers, calculation of environmental temperature or mathematical modeling (11, 12) . Franco et al suggested that an increased ambient temperature decreases infant arousability in REM sleep during the latter half of the night (13) . Increased occurrence of SIDS in the prone sleeping position may also point towards decreased heat dissipation (higher body temperature) and a greater chance of upper airway obstruction leading to hypoxia and hypercarbia (14) . However, to our knowledge, no experimental evidence exists to confirm or refute the deleterious interaction between the effects of prenatal CS exposure, increased body temperature and hypoxia on neonatal respiratory control.
The specific aim of the current study is to investigate the effects of hypoxia and/or hyperthermia on respiratory control in neonatal rats exposed to prenatal CS. Specifically, we test the 4 hypothesis that maternal CS exposure alters the pattern of breathing of neonatal rats in response to thermal and hypoxic challenges.
METHODS:
The experimental protocols were approved by the Animal Care Committee at the University of
Calgary and all studies were performed in accordance with the Guidelines provided by the Canadian Council on Animal Care.
Animals
Experiments were performed on 69, time-dated, one week old rat pups from 21 pregnant Sprague-Dawley rats (11 Cigarette Smoke and 10 sham exposed; Figure 1A ). Pregnancy was confirmed by the presence of vaginal mucus plug and the following day was considered as gestational day 1. Postnatal day 7 was chosen because by this age, unsuccessful cardiorespiratory transition from fetal to neonatal life becomes apparent and gross congenital anomalies can be ruled out. Furthermore, feeding is well established and the hemoglobin levels begin to decline as observed in human infants (15 an hourly interval, ten times a day. A total of 10 puffs were obtained from a single cigarette over a period of 10 minutes and the puff volume was 10 ml per puff. Therefore, the total daily CS volume was 1000 ml = 10 ml puff volume X 10 puffs per cigarette X 10 cigarettes per day and was distributed equally among eight pregnant rats (125 ml per animal per day). Using this regimen, plasma nicotine concentrations (20 -60 ng/ml) and maternal carboxyhemoglobin levels were similar to those observed in moderate to heavy human smokers. Further, fetal weight reductions were proportional to those of human infants born to smoking mothers (17) . The sham group was treated identically to the CS group and was placed in the Smoke Exposure System but received puffs of room air instead of CS. Additional information on the methods is provided in the online supplement.
Whole Body Plethysmography
Breathing patterns were recorded in un-anesthetized, spontaneously breathing one-week-old pups using a continuous-flow, unrestrained, whole-body plethysmograph (WBP) comprised of two 60 ml syringes (animal and reference chambers). The ambient temperature was controlled to within one degree Celsius. Ambient temperatures of 32 -33 0 C and 37 -38 0 C were used to define thermoneutral and hyperthermic environments, respectively (15) . The body temperature (Tb) was recorded during the study using a rectal thermometer (0.01, Type T, Omega, Thermocoupler, Stamford, CT, USA). The WBP was continuously flushed with air creating a positive flow through the system (bias flow regulator; Buxco Research Systems, Wilmington, 6 NC) and the changing of the gases from room air to hypoxia (10% O 2 , balance nitrogen) and vice versa was made with no interruption. A differential pressure tranducer (Buxco) was used to record the pressure difference between the two chambers, a surrogate measure of changes in lung volume. In small animals, the pressure signal is mainly a consequence of the rarefaction and compression of gas associated with moving air in and out of the thorax, whereas in larger animals the signal is dominated by humidification and warming of inspired gas (18) . In the day 7 animals, the pressure signal likely results from both of these sources, precluding the use of the signal to derive tidal volume. Whilst any tidal volume measurements would be affected by changes in the temperature of the air in the chamber, the frequency is unaffected and the waveform while different in amplitude is likely to maintain the same shape. Since changes in the air temperature could affect the wavefrom, in any given experiment the air temperature in the recording chamber was maintained at a constant level throughout the baseline, hypoxic and washout periods ( Figure 1B ).
Experimental Protocol
The experimental protocol is given in Figure 1B . Each pup was randomly selected and weighed before the experiment. No pup was used for more than one experiment. All studies were performed between 0900 -1500 h to avoid any influence of the circadian rhythm (15, 19) . The number of pups in both CS and sham groups under various experimental conditions are given in Figure 1A and B.
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Data Analysis
The pup weight was determined for both the CS exposed and sham group at birth and on day 7.
The frequency of breathing (number of breaths per minute) was calculated from the whole body plethysmograph signal (Buxco Research Systems, Wilmington, NC) for each minute of recording. Gasping, defined as a rapid inspiratory rise with a long expiratory phase and preceded as well as followed by cessation of breathing movements (37) , was identified by the breathing signal (inspiratory and expiratory times) and visually.
Statistical Analysis
An independent sample t-test was performed to determine the differences in body weight between the animals in CS and sham groups. The frequency of breathing and rectal temperature under various experimental conditions was analyzed using analysis of variance for repeated measures. Further analysis of variance was done to investigate whether there were any differences between the two groups and whether those differences were dependent on the experimental condition. Paired t-tests with Bonferroni correction were then performed to detail those interactions. To determine whether there was an increased incidence of gasping in a specific group, the percentage of gaspers from each group and treatment was analyzed using the Fisher's Exact Test. All data are presented as Mean ± SEM and P value of equal or less than 0.05 was considered as statistically significant.
RESULTS:
Pup Weights:
The pup weight in CS exposed group was significantly lower at birth and on day 7 as compared to the sham group (P < 0.001 for both age groups; Figure 2 ).
Rectal Temperature:
The rectal temperatures of CS and sham exposed animals under various experimental conditions are given in Figure 3 . The rectal temperatures corresponded to the target ambient temperature within the chamber to one degree Celsius. No significant difference in rectal temperatures was observed between the CS and sham exposed animals under thermoneutral or hyperthermic states during baseline, hypoxic or washout periods (P 0.05; Figure 3A and B). The rectal temperature increased in correspondence with the increase in ambient temperatures (P < 0.001; Figure 3B ).
Eupnic Breathing Pattern:
Thermoneutral Hypoxia (n = 36)
Under thermoneutral conditions, baseline breathing frequency was similar between sham (n = 16) and CS exposed (n = 20) groups. Breathing frequency showed a comparable increase in both sham and CS groups (P = 0.003 and < 0.001, respectively) within 1-2 minutes following the onset of the hypoxic challenge ( Figure 4A ). The breathing rate declined with continuation of hypoxia as well as during the washout period ( Figure 4A ). The decrease in frequency of 9 breathing was more pronounced within the CS group (P < 0.001). However, no significant difference was observed between the two groups.
Hyperthermic Hypoxia (n = 33)
The breathing frequency was higher in sham group as compared with the CS exposed group under baseline hyperthermic conditions (P = 0.001). The breathing frequency increased during the first two minutes of hypoxic exposure in the CS group only (P < 0.001) and the mean peak frequency was not different between the two groups ( Figure 4B ). The breathing frequency decreased in both groups during the washout period (P 0.03 for both groups). However, the decrease was greater in the CS exposed pups as compared with the sham group (P = 0.009 -0.001; Figure 4B ).
Gasping Breathing Pattern:
Overall, 13% of the sham and 36% of the CS exposed animals exhibited gasping breathing patterns (P = 0.05; Figure 5 ). None of the sham and 25% of the CS exposed animals gasped under the thermoneutral hypoxic state (P = 0.05). During hyperthermic hypoxic condition, the gasping pattern was observed in 29% vs. 47% in the sham group vs. CS exposed animals, respectively ( Figure 5 ). The time from the start of the hypoxic challenge to the onset of gasping was not different between the two groups. However, the time spent gasping was significant longer in the CS group (P < 0.05). The eupnic and gasping breathing patterns are illustrated in Figure 6 .
Under baseline hyperthermic conditions, the breathing frequency was similar between the animals which gasped (gaspers) and those which did not gasp (non-gaspers) within the CS or sham group (P = 0.2 and 0.4, respectively; Figure 7A and B). The breathing frequency decreased more during hypoxia in gaspers as compared with the non-gaspers in both groups (CS and sham; P < 0.0001 and 0.0006, respectively). However, during the washout period, the recovery was slower and/or incomplete in the gaspers of the CS group as compared with the gaspers in the sham group (P = 0.0001 within the group and P = 0.01 between the groups; Figure   7A and B).
DISCUSSION:
We provide the first direct experimental evidence that a combination of prenatal CS exposure and hyperthermia has detrimental effects on respiratory control in neonates. Specifically, we
show that prenatal CS exposure significantly affects the pattern of breathing in response to hypoxia in thermoneutral conditions, increasing the occurrence of gasping during hypoxia and impairing the newborn's ability to recover to eupnic breathing after hypoxia. Importantly, we also show that the protracted effects of prenatal CS exposure on this recovery are greatly exacerbated by hyperthermia. Our approach differed fundamentally from previous animal studies, which used nicotine to mimic the effects of CS, as we have employed a standardized animal model of CS exposure. Thus our results provide some of the most direct evidence to date suggesting that prenatal CS exposure can contribute to the destabilizing effects of hypoxia and thermal stress on neonatal breathing. Consequently, these results suggest a causal role for prenatal CS exposure in SIDS adding weight to recent epidemiological studies and further support the efforts to foster prenatal smoking cessation programs.
It is well established that prenatal CS exposure reduces fetal growth and birth weight in a dosedependent manner (20) . The mechanisms of reduced birth weight in CS exposed fetuses have been discussed elsewhere and evidence suggests that CS constituents other than nicotine mediate such effect (17, 21) . In addition, prior work suggests that infants born to light and heavy smoking mothers may not achieve body weights comparable to infants born to non-smoking mothers until six months of age (22) . The mechanisms of the slower postnatal growth could include protracted effects of over 4,700 toxins found in cigarette smoke (23) , decreased fat deposition rates (24) and reduced maternal milk production (25) . In our study, rats born to CS exposed animals had reduced birth weights compared with the sham group. Furthermore, the CS exposed group did not achieve body weights similar to those in the sham group during the study period.
The effects of maternal CS exposure have previously been investigated in human infants whereas continuous nicotine infusion has been used as a surrogate for prenatal CS exposure in a number of animal models (26) . Both human (3) (4) (5) 27, 28) and animal data (6-10) provide divergent results. Studies in humans by Sovik et al., and Poole et al., observed no significant difference in various ventilatory responses to hypoxia between the infants of smoker vs. non-smokers (3, 4) .
In contrast to these observations, Ueda et al. showed that infants of smoking mothers as compared to those born to non-smoking mothers had lower respiratory drive during normoxia and blunted ventilatory responses to hypoxia (5). However, in this latter study infants were sedated with a large dose of chloral hydrate. Yet another study showed the ventilatory responses to be paradoxically higher in CS exposed infants, and arousal thresholds to be similar between the CS exposed and control infants (27) . Lewis and Bosque observed similar ventilatory responses but deficient arousal responses to hypoxia in CS exposed infants as compared with control infants (28) . The likely reasons for such divergent and often contradictory results include use of sedation, age of the infants, extent of CS exposure and composition of gaseous mixtures for hypoxic exposures (3, 4, 27, 28) .
Similar to the studies in human infants, animal data has also been inconsistent (6-10). Bamford et al., and Schuen et al., observed no significant effect on ventilatory responses to moderate and severe hypoxia after gestational exposure to a large nicotine dose (6,7). Fewell and Smith did not observe an effect on the time to last gasp in 5-6 days old rat pups but prenatal nicotine exposure did impair their ability to autoresuscitate (8) . In an ovine model, Hafström et al showed minute ventilation to be similar and inspiratory drive to be higher in nicotine exposed animals as compared with the control group (9) . Another study by the same group of investigators showed the latency for arousal to be longer and minute ventilation to be lower after moderate hypoxic challenge during quiet sleep in nicotine exposed neonatal lambs (10) . It is interesting to note that the nicotine dose and plasma concentrations in the latter two studies were modest and mimicked the concentrations observed in pregnant women, suggesting sensitivity of the ovine perinate to nicotine (9,10). In our current study, both the CS exposed and sham groups showed a qualitatively similar biphasic response to a hypoxic challenge under thermoneutral conditions; an initial increase followed by a decrease and protracted recovery upon return to normoxia. However, the recovery was significantly longer in the CS group as 13 compared with the sham group. Furthermore, the CS group exhibited gasping respiration indicating loss of eupnic breathing patterns. The unequivocal adverse effects of CS exposure on respiratory control in our newly standardized pregnant rat model suggest that at least in the rodents, the constituents of CS are more injurious than nicotine infusion alone as observed in previous studies (6,7).
Thermal stress induced by both over and under wrapping of infants as well as by high and low ambient temperatures may be associated with SIDS (2, 12, 29, 30) . Furthermore, evidence
suggests that such stress is independent of prone sleep position (29) . The evidence of thermal stress in human infants is inferential as it is based on the examination of the death scene, average daily temperatures and mathematical calculations (12, 29, 30) . However, animal experimental data does suggest that high core temperature adversely affects the survival rate, time to last gasp and ability to autoresuscitate during anoxic (97% N 2 and 3% CO 2 ) challenge (31, 32) . In our studies, hyperthermia was induced by increasing ambient temperature. Even moderate hypoxia (10% O 2 ) during hyperthermic states resulted in failure of eupnic breathing in the sham group further corroborating the previous studies. However, the current study provides the unique observation that prenatal CS exposure has detrimental effects on eupnic breathing patterns under hypoxic thermoneutral and hyperthermic conditions. Our experimental data confirms the inferential and epidemiologic evidence that moderate hypoxia and increased ambient temperature disrupts the normal breathing patterns in the absence of CS exposure. In addition, prenatal CS exposure further enhances the failure of eupnic breathing.
Despite intense research, much controversy exists regarding the neurogenesis of eupnic breathing and gasping (33, 34) . Nonetheless, gasping is generally accepted as the most robust during hypoxia and a backup mechanism for restoration of regular breathing patterns and cardiorespiratory homeostasis (35, 36) . In a study by Poets et al., seven of nine infants manifested gasping respiration in pre-death recordings even though the gasping response remained ineffective in restoring cardiorespiratory homeostasis (37) . In another study, almost all infants exhibited hypoxic gasping prior to their death, however, SIDS infants had higher occurrence of complex gasps and decreased auto-resuscitation as compared with the non-SIDS infants (38) .
In our current study, a significant number of CS exposed rat pups exhibited gasping during moderate hypoxic challenge indicating deleterious effects of prenatal CS exposure on postnatal respiratory control and the failure of normal breathing pattern. Various definitions have been used to define gasping (37) (38) (39) (40) . In the current study, we defined gasping in a manner similar to that used by Poets et al.: "presence of rapid inspiratory rise with a retarded expiratory phase preceded and followed by a cessation of breathing movements" (37). Sridhar et al have shown
"hyperpneic" breaths preceding gasping with similar waveform as seen during gasping (38) .
However, such terminal "hyperpnea" does not include multiple complex gasps as illustrated in our animals. Furthermore, cessation of breathing or breathing pauses do not appear to be the consistent feature of hyperpneic breaths as observed during gasping. The respiratory waveform in our current study closely resembles that described as gasping by Sridhar et al comprising multiple and complex gasping patterns (38) . While the recording methods differ between our and the study by Sridhar et al, both methods transduce changes in lung volume and thus generate similar wave forms.
According to the conventional definition, cessation of breathing movements (or primary apnea) precedes gasping. However, there is no absolute definition of apnea especially when comparing different species with dramatically different baseline breathing rates. In human neonates at term gestation, the baseline breathing rate is approximately 30 breaths per minute and apnea is generally defined as cessation of airflow or breathing pauses > 20 seconds. However, in a SIDS infant, breathing pauses of approximately 10 seconds have been denoted, quite appropriately, as primary apnea (38) . In neonatal rats, the breathing frequency is approximately 170 breaths per minute. Thus, it is reasonable to consider a similar phenomenon in rats lasting ~2 seconds. This is in the same order of magnitude as the interval between the events we define as gasping. The temporal relationship between terminal "hyperpnea", apnea and gasping needs to be investigated in future studies.
Although disturbances of cardio-respiratory homeostasis and impaired arousal have been postulated, the precise relationship between SIDS and maternal smoking remains unclear (41) (42) (43) . In American aboriginal population, 3 H-nicotinic receptor binding showed no change in SIDS infants exposed to CS, whereas a significant reduction was observed among the control infants (44) . Similarly, in another study, nicotine receptor binding was not affected in SIDS infants exposed to CS (45), however, 3 H-nicotinic receptor binding was up-regulated in control infants exposed to CS. These observations suggest that CS exposure alters nicotinic receptor binding in SIDS infants as opposed to the control infants. The observed differences in the nicotinic receptor binding between the infants in the two studied control groups may reflect the 16 demographic differences between the two study populations (44, 45) . Furthermore, other neurotransmitter systems including serotonin and various isoforms of Protein Kinase C have been reported to be abnormal in SIDS infants and animals exposed to prenatal CS, respectively (35, 46, 47) . In view of the recently documented evidence, further studies are warranted to investigate the interaction between nicotinic and serotonergic receptors (48) .
In conclusion, we provide the first experimental evidence that prenatal CS exposure decreases the tolerance to moderate hypoxia and that thermal stress further disrupts the eupnic breathing resulting in gasping respiration. The "Back to Sleep" campaign has resulted in marked reduction in SIDS rates. However, intense advocacy through public awareness for the cessation of maternal smoking during and after pregnancy, and avoidance of thermal stress is vital to further reduce the incidence of this devastating tragedy.
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FIGURE LEGENDS:
Figure 1:
1A: Number of Pups in Each Experimental Group
Of 69 pups, 39 were exposed to CS and 30 were sham treated. The CS and sham exposed groups were further divided into Thermoneutral and Hyperthermic Hypoxia groups.
1B: Experimental Protocol
Animals were placed in the whole-body plethysmograph (WBP) for ten minutes to allow for acclimatization (settling time). Baseline measurements were recorded over a 5 minute period (baseline). The air in the chamber was replaced with hypoxic gas (10 % O 2 ) and breathing patterns were recorded for 5 minutes (hypoxia). The hypoxic gas was replaced with room air and breathing patterns were recorded for 10 minutes (washout). Thermoneutral and hyperthermic ambient temperatures remained constant throughout the baseline, hypoxic and washout periods. 
4B: Breathing Responses during Hyperthermic Hypoxia
The breathing frequency was higher in the sham (open circles) group as compared to the CS exposed group (solid squares) under baseline conditions. Breathing frequency increased in the CS group at the onset of hypoxia (P < 0.01). The decrease in breathing frequency during the hypoxic challenge was greater in the CS as compared to the sham group. During the washout phase, recovery of breathing frequency was slower in the CS exposed vs. sham group. (* P < 0.05, experimental vs. baseline within CS group; † P < 0.05, experimental vs. baseline within sham group; ‡ P < 0.05 CS exposed vs. sham). Baseline eupnic breathing turned into complex (multi-phasic) gasping during hypoxia but returned towards eupnic breathing during washout. The respiratory cycle (inspiration and expiration) and time bar (2 sec) applies to all panels (5A-D).
6B: Thermoneutral Hypoxia (sham)
Baseline eupnic breathing was unaffected by hypoxia and washout conditions.
6C: Hyperthermic Hypoxia (CS exposed)
Baseline eupnic breathing turned into multi-phasic gasping during hypoxia and evolved into low amplitude gasping during washout.
6D: Hyperthermic Hypoxia (sham)
Baseline eupnic breathing turned into gasping during hypxia and returned to eupnic breathing during washout. 
Gaspers (solid circles):
The non-gaspers had similar breathing patterns during baseline, hypoxia and washout in both CS exposed and sham groups.
7A: Sham Gaspers vs. Non-Gaspers
After a decrease during hypoxia, breathing frequency returned towards baseline values during the washout period in sham gaspers (* P < 0.05, between gaspers and non-gaspers within the group).
7B: CS Exposed Gaspers vs. Non-Gaspers
Gaspers in the CS exposed group had a slower and/or incomplete recovery during the washout phase when compared to the non-gaspers within the CS group as well as the gaspers in the sham group (* P < 0.05, between gaspers and non-gaspers within the group. † P < 0.05 between CS and sham group gaspers).
Revised Version
Figure 4 The reference cigarettes were placed in a plastic airtight bag in a standard laboratory refrigerator until used for research.
The Smoke Exposure System comprises three major components: 1) smoke generation from the cigarette, 2) smoke distribution and 3) animal exposure units. The smoke generation unit consists of a puffer, pump and an side stream suction chamber. In our current study, one puff was produced every minute with each puff lasting 2.4 seconds. The main stream smoke volume from each puff was equally distributed amongst the 8 rats and the daily amount of CS was calculated as (puff volume) x (number of puffs) x (number of cigarettes) = mL of exposure.
Whole Body Plethysmograph:
Breathing patterns were recorded in non-anesthetized one-week-old pups using a continuousflow, unrestrained, whole-body plethysmograph (WBP) comprised of two 60 ml syringes. The two syringes, animal and reference, were connected to a low dead space differential pressure transducer (Buxco Research Systems, Wilmington, NC). The WBP was continuously flushed with air creating a positive flow through the system. This prevented any build up of expired CO 2 and allowed us to change the gas mixture during recording without disturbing the pup. The continuous flow-through system was achieved by utilizing an inlet and an outlet port comprised of two 18-gauge needles. Both the fresh and exhaust gases were moved via positive pressure and suction, respectively, and were passed through CO 2 and O 2 gas analyzers with the flow rate being maintained at 1.5 mL/sec. The ambient temperature was controlled to within one degree
Celsius by a heat lamp that was elevated above the plethysmograph as well as two 60-Watt lamps that surrounded the apparatus. This set-up enabled us to maintain a stable thremoneutral or hyperthermic environment. To ensure accurate chamber recordings, two temperature probes (Type T 450 ATT, Omega, Thermocoupler, Stamford, CT, USA) were placed next to the animal at opposite ends of the chamber and the mean of the two temperature probes was used to define the ambient temperature.
